Certain populations of neurons in the CNS are preferentially destroyed by a variety of toxic insults. In particular, among cerebellar neurons Purkinje cells are selectively vulnerable to global ischemia as well as to certain degenerative conditions. The reason for this selective vulnerability is not well understood. Excitotoxic damage due to glutamate receptor-mediated elevations in the intracellular free Ca*+ concentration ([Ca"] ,) is thought to be an important pathophysiological mechanism in neuronal death following ischemia (Choi, 1990) . Some evidence also suggests that disruption of glutamate levels may occur in degenerative diseases of the cerebellum in which Purkinje cells are de-stroyed (Plaitakis et al., 1984) . One postulated reason for differential tolerance to excessive glutamate receptor activation is that the mechanisms for buffering cytoplasmic Ca*+ differ from cell to cell. Indeed, the endogenous expression of high levels of the cytoplasmic Ca*+-binding protein calbindin D,,, appears to confer resistance to excitotoxic death in hippocampal neurons (Scharfman and Schwartzkroin, 1989) . However, Purkinje cells are alone among cerebellar neurons in expressing calbindin D,,, (Sequier et al., 1990) , having perhaps the highest calbindin D,,, content of any neuron in the brain, and yet they are the most sensitive cerebellar cell to ischemia. Another possible reason for selective vulnerability among neurons may relate to high expression of the NMDA receptor, which because of its high Ca*+ permeability is thought to be most important in mediating glutamate-induced excitotoxic death in many neurons. However, mature cerebellar Purkinje cells are uniquely lacking in expression of functional NMDA receptors (Audinat et al., 1990; Rosenmund et al., 1992) . Thus, if glutamate mediates Purkinje cell death following ischemia, it must do so by activation of receptor classes other than the NMDA receptor.
Recently it has become clear that some non-NMDA receptors can also exhibit high Ca*+ permeability (Murphy and Miller, 1989; Iino et al., 1990; Hollmann et al., 1991) . We have shown that in cultures of cerebellar neurons enriched in Purkinje cells, a number of the neurons express a-amino-3-hydroxy-5-methyl-4-isoxazole propionic acid (AMPA) receptors which, when activated by kainate, allow the direct entry of Ca2+ (Brorson et al., 1992) . Furthermore, this Ca*+ permeation through AMPA receptors was sufficient to produce substantial delayed toxicity, and AMPA receptors were more effective in mediating excitotoxicity than were NMDA receptors in the cerebellar neurons (Brorson et al., 1994) . We postulated that a selective expression of Ca2+-permeable AMPA receptors by Purkinje cells might lead to a greater vulnerability to kainate toxicity. This did not prove to be true, since the percentage of calbindin D,,,-staining neurons in the cultures did not change although over one-half of the cells died following kainate exposure. Thus, the Purkinje cells were not more vulnerable to kainate than were the other neurons in these cultures. Based on the ontogeny of the rat cerebellum (Altman and Bayer, 1985a) , these other cells are likely to be deep cerebellar nuclear neurons, basket cells, and stellate cells.
In pathological situations, the endogenous agonist acting on Purkinje neurons is most likely glutamate. Unlike kainate, glutamate acts upon AMPA receptors to evoke currents which rapidly desensitize to steady-state levels far smaller than the peak currents (Patneau and Mayer, 199 1). In this sense, AMPA, which also causes desensitization, is more similar to glutamate in its (Brorson et al., 1991) . The other cells in these cultures ("non-Purkinje cells") are putatively basket, stellate, and deep nuclear cerebellar neurons. Where explicitly stated, some observations were of postnatal cerebellar cultures, in which the large majority of neurons are granule cells.
A direct measurement of desensitization requires the comparison of peak to steady state current responses. In order to fully observe the peak responses of AMPA receptors to desensitizing agonists, fast application on the order of milliseconds is necessary (Tang et al., 1989; Patneau and Mayer, 1991) . This speed is difficult to obtain in mature neurons with their extensive dendritic networks. However, the property most relevant to toxicity from prolonged exposures to agonist is likely to be the magnitude of the residual steady state current. In addition, the relative magnitude of the steady state current evoked by AMPA to that evoked by kainate, which produces relatively little desensitization, can be used as an indirect measure of the degree of desensitization (Jonas and Sakmann, 1992) . We used an agonist application method as described by Tang et al. (1989) . applied to whole-cell voltage-clamped neurons cultured from embryonic rat cerebella. Although we were unable to consistently measure the peak AMPA currents in the whole-cell mode, this method allowed a comparison of steady state currents evoked by various agonists. Effects of a saturating concentration of AMPA, 30 FM, were compared to those of 100 pM kainate, a nonsaturating concentration chosen to avoid extreme whole cell current amplitudes.
In the cultures of embryonic cerebellar neurons, the ratio of the steady state current evoked by AMPA to the peak current evoked by kainate was quite variable from cell to cell (Fig. 1) . Using morphological criteria to identify Purkinje cells a priori, we found in particular that this ratio varied greatly in the Purkinje cells, ranging from 0.04 to 0.89, whereas in the non-Purkinje cells, the relative size of AMPA and kainate currents was less variable. The mean value of the ratio (steady state AMPA current divided by the peak kainate current) in morphologically identified Purkinje cells was 0.32 & 0.06 (II = 18; mean 2 SEM), significantly greater than the mean ratio in the non-Put--kinje cells, 0.10 2 0.01 (II = 22; 17 < 0.001) (Fig. I C . Table  I ). Thus, the Purkinje ceils had larger steady state responses to AMPA relative to kainate than did the other cerebellar neurons in these cultures.
Because the use of morphological criteria to identify Purkinje cells might be unreliable, we also used a physiological property to classify the neurons. We, like others (Audinat et al., 1990; Rosenmund et al., 19Y2) have found that the mature cultured Purkinje cells are devoid of NMDA responses, unlike most other central neurons. In the voltage clamp experiments, a subset of the studied neurons were also tested for current responses to NMDA, and classified on this basis (Fig. 2) . None of I I morphologically identified Purkinje cells had any measurable currents evoked by NMDA, whereas I2 of I3 non-Purkinje cells expressed NMDA currents (magnitude 0.29 t 0.05 relative to the 100 WM kainate-evoked currents). Thus, this physiological parameter confirmed the general reliability of the morphological identification of Purkinje cells. Using only NMDA sensitivity as the criterion for identification, the NMDA nonresponders (presumed Purkinje cells) had a mean steady state AMPA-to-peak kainate current ratio of 0.34 2 0.09 (II = 12). while the NMDA responders had a mean ratio of 0.10 2 0.02 (II = l2,/~ = 0.02). Thus, the results of classification by this physiological property corroborated the finding that Purkinje cells express greater steady state AMPA currents relative to the kainate currents.
Although we could not accurately measure the peak AMPA current to directly judge the degree of desensitization in the steady state currents, the relative size of the steady state AMPA current to the peak kainate current apparently reflected the degree of desensitization by AMPA. This was substantiated by the qualitatively different effects of combining AMPA with kainate. In the non-Purkinje cells, the addition of AMPA to kainate decreased the response compared to kainate alone, whereas in the Purkinje cells the addition of AMPA to kainate on average increased the steady state current response (Table I ) . and always and Toxicity in Purkinje Cells increased the measured peak response (Fig. 2) . Overall, the ratio of the steady state current response to AMPA plus kainate divided by that to kainate alone correlated highly from cell to cell with the ratio of the steady state AMPA current to the kainate current (R = 0.92, p < O.OOl), suggesting that both ratios reflected the degree of desensitization of the same set of receptors. Combinations of various high affinity kainate receptor subunits can also respond to AMPA and kainate (Herb et al., 1992) . We found no evidence for responses mediated by these receptors. There were no observable rapidly desensitizing responses to 100 FM or IO FM kainate (see Figs. I, 2) . The responses to AMPA exhibited high affinity, saturating at IO-30 PM and were sensitive to block by CNQX at 20 FM (n = 6, not shown). Furthermore, there was no measurable enhancement by concanavalin A (0.3 mg/ml for 3 min, II = 4), which preferentially modulates high affinity kainate receptors (Partin et al., 1993) .
The morphological identification of Purkinje cells required working with mature cultured neurons of at least I4 d irl Gtr-<j (DIV), and the measured kainate currents were quite large. In such cells. good voltage clamping of all the extended processes was almost certainly not achieved, and it might be that the differences between Purkinje cells and non Purkinje cells with respect to the ratios of AMPA current to kainate current was somehow a result of systematic space-clamping errors. This possibility was ruled out in several ways.
First, immature neurons (DIV 7), in which less complicated geometries and much smaller currents made for better space clamping, were also studied as to the relative magnitudes of AMPA versus kainate currents, and this ratio was again found to range widely from 0.02 to 0.47 (n = 8), in a manner not correlating with cell size as measured by whole cell capacitance (Fig. 2C ). Thus this variation was expressed early in cultured life and was probably not merely due to voltage-clamp errors in larger neurons. Others have reported that Purkinje cells transiently express functional NMDA receptors during development (Krupa and Crepel, 1990; Rosenmund et al., 1992) , and most of the immature neurons in our cultures, including putative developing Purkinje cells, expressed some NMDA-evoked current. Second, we also made use of our previous observation that many of the neurons express Ca"+ currents carried by AMPA receptors, as measured in Nat-free solutions (Brorson et al. 1992) . These currents are much smaller than the Na' currents induced by AMPA or kainate, and thus produce minimal voltage errors in the space clamp. For these studies, a slow bath superfusion method was used for agonist applications, so that there was no possibility of current contributions from capacitive compensation errors. Again using a priori morphological identification of Purkinje cells, we found that the CaL* currents evoked by 30 PM AMPA relative to those evoked by 100 nlM kainate were greater in the Purkinje cells (0.3 I ? 0.08, II = I I ) versus the non-Purkinje cells (0. I2 ? 0.03, II = 2 I, 17 = 0.01) (Fig.  3) . As before, the effects of combining AMPA and kainate were often qualitatively different in Purkinje cells, where there was sometimes additivity of effects of AMPA and kainate, as compared to non-Purkinje cells, where the responses to AMPA plus kainate were decreased compared to kainate alone. The relative size of the current response to AMPA plus kainate compared to that of kainate alone again correlated with the ratio of the steady state AMPA current to the kainate current (R = 0.70, /) < 0.01).
Finally, we used [Ca" 1, imaging techniques to estimate responses to AMPA, kainate, and NMDA in the cerebellar neurons from the size of the peak rise in somatic [Ca" 1, which they induced. We followed the [Ca?&] , imaging experiments with immunocytochemical staining for calbindin Dzxr, to positively identify the Purkinje cells in the imaged fields. This method also showed that the calbindin D?,,-positive Purkinje cells expressed a relatively greater response to AMPA with respect to the kainate response than did the non-Purkinje cells (Fig. 4) . In calbindin Dz,,-positive neurons, the ratio of peak [Cal ' 1, values buffering of entering Ca?' by the high calbindin DZXk levels contained in the Purkinje cells (see Discussion).
currents were always potentiated by cyclothiazide. However, cells with highly desensitizing AMPA receptors had more desensitization persisting in the presence of cyclothiazide, in that the ratios of the AMPA current to the kainate current before and after potentiation by cyclothiazide were correlated. Also, cyclothiazide's potentiation of responses to AMPA plus kainate correlated with its effect on currents evoked by AMPA alone in a given cell. Cyclothiazide (10 FM) had no effect on NMDA currents (not shown). We also studied the effects of cyclothiazide (Fig. 3) , a comThe most numerous cell of the cerebellum, the granule cell, pound which blocks desensitization of AMPA receptors (Yais quite resistant to most toxicities which affect the cerebellum. mada and Tang, 1993). Cyclothiazide (10 pM) increased the Granule cells are not present in the cultures taken from embrysteady state currents in response to both 30 FM AMPA and 100 onic day I6 rat cerebella, which have not yet developed an ex-PM kainate, by mean factors of 6.9 ? 1.4 and 1.7 ? 0.1 (n = ternal granular layer (Altman and Bayer, 1985b). We were in-7); 100 FM cyclothiazide had somewhat greater effects on the terested in also comparing the properties of cerebellar granule current responses to 100 pM AMPA, enhancing them by a mean cells to those of the Purkinje cells with respect to glutamate factor of I I .O 2 I .7, and increased the currents evoked by 1000 receptor expression and toxicity. Cerebellar cultures prepared PM kainate by 1.7 ? 0.3 (n = 10). The AMPA currents were from postnatal day 8 rat cerebella consisted predominantly of potentiated to the degree that in 100 FM (Table I ). In the typical granule cells, the absolute steady state current sizes were much smaller, being 27 + 5 pA for 30 p,M AMPA (n = 6) 441 +-35 pA for 100 pM kainate (n = 7) and I39 t 24 pA for 100 mM NMDA (n = 7) (Fig. 20) . The average steady state AMPA to peak kainate current ratio was 0.06 + 0.01, signilicantly less than that of the Purkinje cells. Thus, like other neurons of the cerebellum, granule cells differed from Purkinje cells in having much smaller ratios of the steady state AMPA current to peak kainate current, as well as displaying currents of lesser magnitude.
Selective toxicity produced by glutmrute receptor trgorlists
We studied the delayed toxicity of glutamate agonists on Purkinje neurons i n the embryonic cerebellar cultures by applying agonists for 20 min and assaying for survival relative to parallel controls after 24 hr. Most of the toxicity assays were performed on immature cultures (primarily DlV9), since the fraction of neurons surviving varied substantially after the second week in culture. Representative results in mature cultures are also described below. As we found in a previous study (Brorson et al.. 1994) , 30 PM AMPA was only moderately toxic to the cultured cerebellar neurons, reducing cell survival to XI -t 3% of controls (n = 4) (Fig. SA) . The combination of 30 (IM AMPA with 100 PM kainate resulted in relative survival of 55 t 2% (n = 4). In separate experiments, 100 J*M kainate alone produced cell survival of 55 ? 8% (n = 3). To test whether the amount of toxicity was related to the desensitization produced by AMPA, we examined the effect of cyclothiazide on the delayed toxicity. Cyclothiazide (I 0 or 100 FM) produced a concentration-dependent potentiation of the toxicity of AMPA, with 100 pM cyclothiazide rendering AMPA at least as effective as 100 pM kainate in producing overall toxicity. Thus the toxicity produced by 20 min exposures to various AMPA receptor agonists paralleled the relative magnitudes of the steady state currents which these agonists produced. The degree of toxicity seemed to relate inversely to the extent of receptor desensitization.
The toxicity of AMPA was CaL I-dependent, as it could be largely blocked by removal of external Ca" during the 20 nun exposure and for a 5 min period following AMPA exposure (Fig.  5A ). This was also true for the toxicity of AMPA plus IO FM cyclothiazide (100 pM cyclothiazide was not tested in Ca'+-free solution).
As we reported previously (Brorson et al., 1994) . we again found that kainate was not selectively toxic to the Purkinje cells, as the percentage of surviving neurons staining for calbindin D?,, was similar in kainate-treated cells (41 + 6%) to parallel control cells (41 + 7%, n = 3; note that Fig. 5C displays only the control values for the AMPA experiments).
In contrast to this nonselective toxicity produced by kainate, the toxicity of AMPA selectively decreased the percentage of cells staining for calbindin D,,, (Fig. 5&C) . In cells treated in parallel with those used for toxicity assays, calbindin Dzx, staining revealed 44 t 9% calbindin D?,,-positive cells among those treated with control solutions, but only 30 2 7% among those treated with 30 FM AMPA. This fraction was further reduced, to 26 + 5% and I9 & 6'S, by IO pM and 100 pM cyclothiazide, respectively. We calculated the specific survivals of the calbindin D?,,-positive and calbindin DZKL-negative populations of neurons by comparing the overall survival and the percentage of stained cells All agonists were applied in Na+-based solutions either containing 2 PM Ca" (solid bars) or in Ca'+-free buffer with a 5 min Ca'+-free wash following agonist removal (.tripplerl bars). B, Staining of cells for calbindin DZslr 24 hr after agonist exposures, under conditions identical to those described in (A). Scale bars, 20 km. C, Summary of percentages of cells staining for calbindin DZHk after treatments with various conditions. Kainate and glutamate+D-AP5 were studied in separate experiments; the control data shown are those for the experiments involving AMPA. D, Specific survival of calbindin D>,,-positive and calbindin Dzxr-negative neurons, calculated from the overall survivals and the percentages staining for calbindin Dzxl under agonist-treated and control conditions. E, Toxicity in older cultures, DIV 16, of 100 FM glutamate (here without any D-APS), 30 )LM AMPA, and 100 FM NMDA. (*, significantly different from parallel controls or in the indicated pairwise comparison, p < 0.0.5L under each condition with the values for the control conditions (see Materials and Methods). These calculations revealed that the toxicity of AMPA was restricted to the calbindin D,,,-positive cell fraction, representing the Purkinje cells (Fig. 5D) . Enhancing the toxicity of AMPA with 10 or 100 pM cyclothiazide or by the addition of 100 FM kainate decreased the relative survival of both the calbindin D,,,-positive and the calbindin D,,,-negative populations, but the difference in survivals between these specific populations remained significant. Thus, AMPA produced selective toxicity to the Purkinje cells relative to the other cerebellar neurons present in these cultures. Glutamate is most likely the physiologicai agonist at the AMPA receptors in the cerebellum. We examined the effects of glutamate toxicity in a similar manner (Fig. 5A,C,D) . In order to focus on the effects of glutamate upon AMPA receptors, it was applied in the presence of 50 FM D-APS, a selective antagonist of NMDA receptors. Under these conditions, glutamate produced a relative survival of 65 + 3% (n = 4), and reduced calbindin D zxL staining to 23 * 40/o, compared to 37 + 9% in the parallel controls. Again, the calculated survivals of the calbindin D?,,-positive and of the calbindin D?,,-negative fractions suggested that glutamate, like AMPA, was selectively toxic to the Purkin.je cells. The toxicity of glutamate was partially blocked by removal of extracellular Ca", leaving 87 + 2% relative survival.
In the immature cerebellar cultures there was some expression of functional NMDA receptors by Purkinje cells (Rosenmund et al., 1992 , and see above). Thus, 100 IJ,M NMDA, applied in the presence of IO pM CNQX to eliminate indirect effects upon non-NMDA receptors, produced moderate toxicity, leaving 84 ? 7% overall relative survival (not shown). However, unlike AMPA and glutamate, NMDA did not produce a significant difference in the specific survivals of the calbindin Dz,,-positive and the calbindin DZxr-negative fractions, leaving relative survivals of 74 + 7 and 92 ? 120/r, respectively (n = 3: 1' = 0.27, NS).
We also examined toxicity in mature cultures of cerebellar Purkinje neurons at ages greater than 2 weeks in culture, by which time the morphological Purkinje cells had all lost any expression of NMDA receptors (see above). In these experiments, glutamate was applied without any NMDA antagonist, approximating the presumed pathophysiological situation of interest. As in the immature cells, AMPA and glutamate again produced moderate overall toxicity (74 + 2% and 7.5 '-e 2% survivals, respectively; II = 4), whereas the relative survival after NMDA treatment was insignificantly reduced to 93 ? 6% (n = 4). The toxicity of AMPA and glutamate was again selective for the calbindin D?,,-positive cells, with calbindin DLXr staining reduced to 28 t 2% and 31 + 3% respectively, compared to 52 ? 2% in the controls. In contrast, the calbindin D,,, staining after NMDA was actually somewhat increased compared to the Mg" -free controls. Using these results to compute specifc survivals of the calbindin D,,,-positive and calbindin D,,,-negative neurons, there was a highly selective toxicity to the calbindin D,,,-positive fraction induced by AMPA or glutamate. In contrast. NMDA instead produced a significant difference in the opposite direction, with specific toxicity to the calbindin DLXL-negative fraction (Fig. 5E) . Thus in the mature cultures the importance of AMPA receptors over NMDA receptors in the selective vulnerability of Purkinje cells was again clearly shown, and even the nonselective endogenous agonist, glutamate, produced selective Purkinje cell toxicity.
The vulnerabilities of Purkinje cells to glutamate agonist-induced toxicity contrasted sharply with the insensitivity to these agonists of granule cells in the postnatal cerebellar cultures. With similar 20 min exposures, neither 100 FM kainate nor 30 pM AMPA, nor AMPA plus 100 FM cyclothiazide produced significant toxicity in postnatal cultured cerebellar neurons (II = 3, not shown).
Discussion
Although there may be many different reasons for the patterns of selective neuronal vulnerability seen in various disease states, when neuronal death is mediated by excessive stimulation of glutamate receptors, the degree of prolonged activation of the relevant receptors would seem to be an important determinant. We have previously shown that cerebellar Purkinje neurons are relatively insensitive to toxicity induced by NMDA and quite sensitive to kainate toxicity (Brorson et al., 1994 A contribution from receptors such as those formed by GluR6 and KA-2, which respond to kainate with a rapidly desensitizing current but to high concentrations of AMPA with a steady state current (Herb et al., 1992) . might possibly also account for a relatively large steady state current response to AMPA. Purkinje cells are known to express both GluRS and KA-I, but reportedly not GluR6 nor KA-2 (Wisden and Seeburg, 1993) . It is not known whether these subunits can produce a persistent AMPAevoked current. However, such responses, if similar to those resulting from other combinations of kainate receptor subunits, would be expected to respond only at high concentrations of AMPA and to be modulated by concanavalin A (Herb et al., 1992; Partin et al., 1993) . In the present studies, there were no high affinity, rapidly desensitizing responses to kainate, although it may be that the agonist application speed was not adequate to observe such responses, which desensitize in milliseconds (Partin et al., 1993) . The responses were evoked by AMPA and were blocked by CNQX at low concentrations, and they were strongly modulated by cyclothiazide but not by concanavalin A. Thus, the pharmacological properties suggest that AMPA receptors, rather than high affinity kainate receptors, contribute most of the observed current responses.
Other cerebellar neurons, including the mixed population of presumed deep nuclear, stellate, and basket cells cocultured with the Purkinje cells as well as granule cells cultured separately, were found to express AMPA receptors with a greater degree of desensitization by AMPA. The differences between the Purkinje cells and the cocultured non-Purkinje cells with respect to AMPA receptor desensitization were found whether the cell identification was based on morphology or on the physiological property of NMDA responsiveness. Furthermore, this difference was also found in mature neurons by patch-clamp measurements of the smaller whole cell currents in Na'-free solutions. and immature neurons with better voltage clamping properties also displayed a wide range of desensitization to AMPA. Finally, the result was confirmed by fluorimetric measurements of [Ca" 1, responses. Because of the saturating, nonlinear nature of the relationship between peak [Ca"], and the rate of Ca" influx (Thayer and Miller, 1990; Bleakman et al., 1993) . a simple linear correspondence between the relative magnitudes of [Ca' ' 1, peaks induced by AMPA and KA and the relative magnitudes of the whole cell currents they produced was not expected and was not found. Nevertheless, like the patch-clamp methods. ICaL ' 1, mcrofluorimetric recordings showed a greater relative response to AMPA compared to kainate in Purkinje cells than in non-Purkinje cells.
These differences between the cultured Purkinje cells and the non-Purkinje cells suggested the hypothesis that Purkinje cells would be more susceptible to toxicity induced by prolonged ex-posures to desensitizing agonists of non-NMDA receptors. This was found to be the case, as the toxicity of AMPA or glutamate was confined to the calbindin D,,,-positive cell population either in immature cultures (primarily DIVB) or in more mature cultures (DIV16). In contrast, the nondesensitizing agonist kainate was equally toxic to either cell fraction. In the mature cultures, NMDA produced selective toxicity to the non-Purkinje cell fraction, whereas glutamate exhibited substantial toxicity which was confined to the Purkinje cell fraction. This confirmed that the physiological agonist was acting not on NMDA receptors but primarily on AMPA receptors when it induced selective toxicity to the Purkinje cells. It is also possible that part of the toxic action of glutamate might take place through activation of metabotropic receptors, which are prominently expressed in Purkinje cells (Yuzaki and Mikoshiba, 1992) . This could account for the incomplete block of glutamate toxicity by removal of extracellular Ca2+.
The selective toxicity of AMPA to Purkinje cells cannot be explained merely by a larger number of non-NMDA receptors or by a greater density of receptors, since the currents activated by kainate were no greater than in the non-Purkinje cells, although the Purkinje cells were larger in surface area as judged by the average whole cell capacitance (Table 1) . Interestingly, the increased toxicity of AMPA to the calbindin D,,,-containing cells occurred despite the fact that the Purkinje cells had a lower peak [Ca"], in response to brief applications of AMPA (Fig. 4) , presumably as a result of the strong buffering of incoming Ca*+ by the high concentration of calbindin D,,,. This result runs counter to studies of hippocampal cells which have shown resistance to glutamate toxicity in the calbindin D,,,-containing neurons (Scharfman and Schwartzkroin, 1989) . However, as Dubinsky (1993) has shown, the neuronal Ca*+ buffering capacity may be overwhelmed over long periods of exposure to glutamate agonists. The continued rate of ion influx is likely to determine toxicity, despite cytoplasmic buffering.
Inhibition of desensitization by cyclothiazide and cross desensitization of kainate responses by AMPA were used to manipulate the degree of AMPA receptor desensitization in the toxicity experiments. Cyclothiazide at 10 FM substantially enhanced AMPA toxicity, and at 100 PM rendered it at least as great as the toxicity of kainate. The toxicity to both calbindinpositive and to calbindin-negative neurons was increased by cyclothiazide, paralleling its enhancing effects on whole cell currents evoked by AMPA in both cell types. The addition of AMPA to kainate increased the specific toxicity to Purkinje cells but decreased that to non-Purkinje cells relative to kainate alone (Fig. 5D) . This paralleled the different effects on steady state membrane currents of adding AMPA to kainate in Purkinje cells and non-Purkinje cells (Table 1) . Thus the toxicity induced by various agents correlated with the steady state membrane currents which they evoked in various cell types. We infer that the amount of toxicity related to the degree of desensitization of AMPA receptors, and that the specific toxicity of AMPA and glutamate to the Purkinje cell population most likely was a result of the lesser degrees of desensitization of the AMPA receptors which these cells expressed.
Others have shown that the toxicity mediated by activation of AMPA receptors can be modulated by agents that reduce receptor desensitization. Zorumski et al. (1990) showed that in cultured hippocampal neurons, both the steady state current and the acute neuronal degeneration evoked by quisqualate were increased by the lectin wheat germ agglutinin. May et al. (1993) showed that 10 FM cyclothiazide also enhanced toxicity in hippocampal cultures when exposed to AMPA or kainate. Moudy et al. (1994) found that cyclothiazide increased the toxicity of glutamate in cultured hippocampal neurons. However, the results presented here now link differences in desensitization of expressed AMPA receptors among various neuronal types to selective vulnerability to toxicity.
The structural basis for the resistance of Purkinje cells to receptor desensitization is likely to relate to differences in receptor subunit composition resulting from the pattern of expression of the various flip and flop splice variants of the AMPA subunits, since different combinations of these subunits have been shown to exhibit quite different desensitization properties (Sommer et al., 1990) . Coexpression of the flop splice variants of GluRl and GluR2 in mammalian cells resulted in highly desensitizing AMPA receptors, with steady state glutamate current to peak kainate current ratios of approximately 0.1 (using 300 PM glutamate, 300 FM kainate), while a combination of the pure flip forms of GluRl and 2 produced a ratio of approximately 0.7 (Sommer et al., 1990) . Mixtures of flip and flop splice variants of GluRl and GluR2 produced intermediate ratios, with an apparently greater influence of GluR2 on desensitization properties (Sommer et al., 1990; Partin et al., 1994) . The splice variant forms of GluR3 and GluR4 were reported to have an even stronger influence on the desensitization properties of the AMPA receptors formed from homomeric and heteromeric combinations with GluR2 (Mosbacher et al., 1994) . Purkinje cells have been reported to express both splice variants of GluRl and GluR2, but primarily the flip form of GluR3 with little GluR3 flop expressed (Sommer et al., 1990; Lambolez et al., 1992) . In PCRbased assays of AMPA receptor subunit expression, we have found the suggestion of a similar pattern of expression in the cultured Purkinje cells (P A. Manzolillo and J. R. Brorson, unpublished results). Although this pattern of mRNA expression must be confirmed as representing the pattern of expression at the level of functional receptors as well, the AMPA subunit expression pattern of Purkinje cells, and in particular the difference in expression of the flip versus flop forms of GluR3, may account for the resistance to desensitization of AMPA receptors in Purkinje cells. The effects of cyclothiazide in our current measurements, in which the cells with more highly desensitizing AMPA receptors continued to show more persisting desensitization even in the presence of cyclothiazide, may also be explained by the subunit expression pattern. In receptors formed from various combinations of GluRl and GluR2, Partin et al. (1994) found that while 100 FM cyclothiazide potentiated the steady state responses to glutamate of all combinations of subunit splice variants, there remained some desensitization, particularly in the combination of flop forms. As a result, one might expect potentiation of toxicity by cyclothiazide in both cells with greater and cells with lesser degrees of AMPA receptor desensitization, but possibly a persisting difference in toxicity based on some desensitization occurring despite cyclothiazide. Thus, cyclothiazide increased the specific toxicity of AMPA in both Purkinje cells and non-Purkinje cells, maintaining the selectively greater toxicity in the Purkinje cell fraction (Fig. 5D) .
Resistance to desensitization of glutamate receptors may contribute to selective vulnerability in other neurons as well. CA3 and CA1 hippocampal pyramidal neurons have been shown to differ in the degree of desensitization of their AMPA receptors (Jonas and Sakmann, 1992), and CA3 neurons are more vulnerable to AMPA toxicity than are CA1 neurons (Garthwaite and Garthwaite, 1991a) . Motor neurons in spinal cord slice culture have been found to be selectively vulnerable to toxicity mediated by non-NMDA receptors (Rothstein et al., 1993) , and motor neurons preferentially express the flip forms of GluR2 and GluR4 subunits, while expressing both flip and flop forms of GluR3 (TBlle et al., 1993) . It is possible that selective death of motor neurons relates to these differences of AMPA receptor subunit expression. Such mechanisms may be widely relevant to patterns of selective vulnerability in the CNS, wherever longterm exposure to glutamate and non-NMDA receptors are involved.
